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FOREWORD 
Tins report probeiUs the final results cil one of the 41) projects eompnsinn the military-effects 
program ol Operation Plumbbob, wliieli Included 24 test detonations at the Nevada Test Site in 
1957. 

Fur overall Plumbbob military-effects information,  the reader is referred to the "Summary 
Report of the Director. DOD Test Group (Programs 1-9), "  ITR-1445,  which includes: (1) a 
description of each detonation,  including yield,  zero-point location and environment, type of 
device, ambient atmospheric conditions,  etc.; (2) a discussion of project results; (3) a summary 
of the objectives and results ol each project; and (4i a listiiig of project reports for the military- 
effects program. 
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ABSTRACT 
A total uf 350 transistors and si'iim-oaductor diodes,  including germanium and silicon types, 
were exposed to nuclear detonations.   Some of the transistors were operational during exposure 
as oscillators, amplifiers, and trigger circuits.    Radiation levels varied from 10*1 to 1 N 10" y 
NVT <n/rm'')l  integrated neutron flux, accompanied by gamma radiation between 0.1 and lOO.Odo r. 

The transistors showed a decrease in common-emitter current gain (buta! and an increase in 
collector-diode reverse leakage current UroJ-    T'10 higher-frequency transistors were less af- 
fected by neutron fluxes than were the audio units,  and the surface-barrier types were virtually 
undamaged by the maximum fluxes obtained.   Semiconductor diodes showed an increase in forward 
resistance and a decrease in back resistance witH-puiut-cuuUict lyp«& showing oiuch less change 

TiunsistPrs anrt ttiodes\n operatini» equipment suffered permanent damage comparable to those 
passively uiiJuäed. DjmradHUon of perionuance o! this equipment was almost entirely attributable 
to changes m the sen.icoi'ductor parameters. 

The results obtained •ire in reasonable agreement with data obtained from pile-type reactors, 
indicating that total integrated neutron flux is of primary significance,  rather than rale of exposure. 

r ■ 
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EFFECT of NUCLEAR RADIATION 
on SEMICONDUCTOR DEVICES 

OBJECTIVES 

Tlio ubject of the work ck'scnU'd hrivin was Ui ascertain the t'ontinued eflccls ul neutron, gam- 
ma,  and ekH-tniinai;iu'tic radiation upon rommcri-ially available transistors and diodes and upon 
electrome circuits eniployiiig llu-se I'ojiiponents.    Particularly desired was specific information of 
value to the applications researcher as to the relative radiation susceptibility of the different types 
of semiconductor devices. 

BACKGROUND 

The use of nuclear weapons in modern warfare makes necessary the obtaining of information 
concerning; the effects ol nuclear radiation upon armaments and equipment.    Since many of the 
armament control circuits either presently utilize semiconductor devices, or may advantageous- 
ly do so,  it is essential to obtain information on the performance ol transistors and semiconduc- 
tor diodes m the environment of a nuclear explosion. 

Preliminary high-intensity,  short-duration neutron-irradiation tests were made in 1956 (Ref- 
erence H  using the  Los Alamos Scientific Laboratory' s Godiva pulse reactor as a neutron source. 
The choice of semiconductor devu.>s and the design of electronic circuitry exposed during Opera- 
tion Plumbbob were made as indicated by the results ol the Godiva test, 

THEORY 

Since the operation of semiconductor devices depends upon carrier movement through a well- 
ordered crystal lattice,  it should be expected that particle bombardment of the crystal ''cmld 
disrupt its orderly arrangement and thereby cause device performance to deteriorate.    In addi- 
tion,  the accompanying gamma rays were expected to cause lonizatton of matter (grease, potting 
compound,  etc.) in contact with the crystal,   resulting in surface effects detrimental to transistor 
action. 

Decrease in the common-emitter forward cu* rent gam ibetai ol transistors as a result of con- 
tinuous low-level neutron radiation over a long period ol time has been measured by others (Ref- 
erences 2 and 3''.    Since the loss ol beta has been attributed primarily to a decrease  in minority 
carrier lifetime (References 3 and 4),  it was expected that this would be of less proportional 
importance for high-frequency units,  wherein the minority carriers diffuse through a thinner 
base region. 

An increase in collector diode backward leakage current (I(0l of ..-radiated transistors has 
also been measured by investigators using continuously operated reactors (References 2 and 3). 
This degradation has been attributed to a combination of surface effects at the collector-base 
junction, together with changes in bulk characteristics of the semiconductor that tend to destroy 
the barrier.   The former effects,  '.hat of conductances shunting the collector-base barrier, have 
been considered to result (References 2 and 4) primarily from exposure to gamma radiation and 
a.-e reported to vary considerably with the type ol grease or filling compounds surrounding the 
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iiiut was po^i red by a siiij'.lr hallcry.    liaiii st'll-puweruci oscillator-amplilicr fumbmulioii was 
i-uulaiiu'd in an aluiiuiumi can.    Simihirly,  tin' Int'.i.ir cirivnls and llu- truasislurizcd powur sup- 
plies wcri' also caih ciintaini'd in individual alinninain cans and poworccl l)y sell-cdiitained 
batU'rius. 

Tlu' clKH'klni; of Hie iraiisislors' lorward lurrcnl nam (beta) and i'uUeclor diodu back leakage 
current (1;.,,) w.'is dune with a laburatory-typt' Ijcta ciu'ekcr.    An ac-vacuum-lube voltmeter was 
used to monitor the outputs ol the oscillator» and amplifiers.    The trigger circuits were sell- 
monitoring by the use ol small squibs,  which iniuted at a predetermined current level.    Moiütor- 

M ^  

AWf'l If It N 
u i c 
so  i 

BLOCKING OSCILLATOR 

1 1        i^AC. .Jhlf 

5"-   i: 

ire Ngr> f'enut-^o  ''on'j sto'S    '.leve'ai   types 

i'Ni.'rt.    .^.4,    .'\.,4.'   and   ?N94A 

^Oj t      StC    176   TUfrM*26 

GrQ,fT  Or.fntf]   SdiCOB 

TWO   TRANSIST OH   SV.lTCH D c   POWER   SUPPLY 

.;.-. kt'    ©JAC 

f- 

rooo    ,001 

._T "^ 

w, 

Figure 2   Circuit diagrams ol transistorized devices. 

mi; of the outputs ol the dc-to-dc hiiih-voltage |)owcr supplies was aecomplishcd i>y USUIL; a lui;h- 
impedance electrostatic voltmeter. 

Tlie measurements indicated above were taken and recorded belore expeture to the radiation 
and were repeated ni;aiii afterwards.    In every case, atler-exposure recovery i,l the equipment 
and its monitoring were accomplished before the selt-cont.lined batteries   had run down enouch 
to cause consequential error. 

Data from several types ol detectors, placed at various distances from ground zero as part 
of Project 2.3. provided a means for eomputnii; the total integrated neutron flux (NVTl levels. 
These values correlated well with relative values nbtamed from the ^old-loll detectors placed 
inside the boxes. 

A total of 293 transistors and lit) semiconductor diodes were irradiated in these tests; of these. 
45 transistors were in the operating state during irradiation.    Three samples each ol represent- 
ative types of commercially available transistors were exposed to the selected levels of nuclear 
radiation.    A few of the less-available types wen- listed in smaller iiuantities. 

Figure 3 shows the placement of the boxes containing the senueonductors and semiconductor 
devices relative to Shot Pnscilla. The one box exposed to Shot Hood was buried 4 inches below 
the ground at H00 feet from ground zero. 

RESULTS 

The permanent performance capabilities ol these particular transistorized devices were only 
slightly affected by exposure (under operating conditions) to atomic  radiation up to 2.9  -  101' 
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NVT ami 3.;i     10    r.    As was (.'Xporit'iiced m llif prclimuiary tests,   cuuipoiicnt damage was 
iiiaiuli'sl only m Uli" sciiiuniuliu-tdr ili'vu-fs. 

Tlu' Dsiillalor and aiuplil icr units,   which alilizrd the same type ol liigh-trfquoncy transistors 
lor both luiu'tioiis,  showi'd in^li^iliU' pornium'nt rllert Iron; irradiation as intense as 1012 NVT 
and 150  r.    A slightly higher cxposuri' ol 2.y  ■ lü'" NVT and 3.3  ■ lü3 r  resulted in percentage 
redui'tums in the amplicrs'   outputs,   iiy type ol transistor used,  as follows: 2N128,   3.0 percent; 
2N114,  7.5 percent; 2N247,   15 percent; and 2NU4A,   1H percent.    The outputs ol the oscillators 
remained practically unchanged alter exposun' at the above levels. 

Trigger circuits ol two types, blocking oscillators, and two transistor switches were exposed 
in the operative stale with indicator squibs connected in the circuits to disclose false triggering. 
Although inspecium ol the circuits alter recovery showed that   -.o permanent damage to perform- 

2100 (i 
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Figure 3   Placement ol boxes and llux levels. 

ance rcsulud Iron, irradiation as high as 1.6  ■  ID1" NVT and 900  r,  the expended indicator squibs 
showed ili.n  all circuits exposed to fluxes greater than 1.9  ■ 10111 NVT iwilh negligible gamma ra- 
di. Uonl had been caused to trigger by the nuclear radiation.    Two of the blocking oscillator cir- 
cuits,   which ■Acre more  sensitive than the '.'.vo-transistor trigger circuits,  triggered from 
exposures «1 -i.ä   ■   10' and li.2   •   10" NVT.   respectively. 

subsequent checking showed that the batteries powering the two-transistor trigger circuits 
had run down considerably lollowing the irradiation, whereas similar batteries powering the 
blocking oscillators remained at nearly original strength. 

1 he results ol irradiating the transistorized high-voltage power supplies were somewhat er- 
ralic. A unit exposed to 3.o • 10" NVT and H r sullered a 19 percent drop in output, whereas 
a similar one exposed to l.ti ■ lü'- NVT and !*00 r had its output decreased by only 2.4 percent 
(both lour (.lays alter exposure). 

The oulpul ol a unit irradiated at 0.9 ■ 10" NVT and negligible gamma was not reduced.    Lab- 
oratory testing ni the supplies  approximately 3 weeks aller their irradiation showed that all the 
voltage outputs had reccovered to within 2 percent ol their pre-exposure values. 

A check ol semiconductor devices exposed to a nuclear detonation when in the passive state 
showed that most high-frequency transistors suffered moderate damage from exposure to fluxes 
ol 1.1  ■  10" NVT (highest llux accurately instrumented) and 8.8 v 104 r.    Exceptions to this were 
the surface-barrier transistors,  the characteristics ol which were only slightly altered by irra- 
diation at this level     Ol the several types ol surface-barner transistors tested,  the 2N128 
transistors exhibited the highest resistance to radiation damage.    The average characteristics 
ol three 2N128 transistors exposed to fluxi .-, of 1.1  ■  10" NVT and 8.8 ■• IG4  r indicated a loss 
in beta ol less than 3.2 percent and an increase in I,,,,  of about 70 percent.    (Highest lco was still 
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less tluiii 2 )üi, ) Tlu1 chaum' of cluiraitrn.stn-s ol' tlic 2N247 dnll Iraiisistorb Iruni irradiation at 
llio 1.1 ■ 10" NVT U'Vi'l was .soniewluit unusual, .snuc >lu.' average beta ol the transistor dropped 
oiily about 30 pcivrnt,  whereas the average 1(.0 increased to twelve times its pre-exposure level. 

Results similar to those above were obtained when the same types ul transistors were eon- 
lamed in a two-layer Boral (slow-neutron) shield container inside the regular aluminum housing, 
and this assembly was exposed to the same neutron and gamma-llux intensity. 

Figures 4 and 5 show the decrease in forward current gain (beta) and the increase in reverse 
collector diode leakage current (I(.0),   respectively,  ol several ol the types of transistors pas- 
sively exposed.    Data showing the effects of radiation on the beta and Ic0 of each of" the transis- 

"I 

2N94A 

2N?47                                      —« 

, T 
?N 59 T107S --»  , ^l^r-s~~- 

Be'Ofe 
E »po^ufe 

10" ,0" 
Tolal  Inlegra'ed Neutron  Flux,   NVT 

Figure 4   Decrease in beta with neutron bombardment, 

tors passively exposed appears in Table 1.    IJoth the graphs and the table show normalized values, 
i.e.. the average original value altered by the average percent change.    Where several transi 
tors were exposed at a given flux level,  the individual deviations from the average change were 

erating condition in equip- 
is were the same type of 

IWI.~>       W (     1   S        V.-i.|H>.H.VIill      it      I^ttlll      1   1 II .-V      lVt\l, 111). lllVllllVlllill      Vllttilltl'l 

generally less than 30 percent.     The transistors exposed while m operating condition in equip- 
ment were affected to approximately the same degree by irradialu 
passively exposed transistors. 

Figures 0 and 7 show the Increase in forward resislanct and decrease in back resistance, 
respectively,  of several types of semiconductor diodes incbded among the components  passively 
exposed. 

The changes in h parameters ol the Type 2NI3'.) transistors exposed to nuclear radiation when 
in the passive state art* shown m  Figure 8. 

Table 2 lists the measured values of minority carrier lifetime and forward current gams for 
2N77 transistors before and after exposure to .several intensilies of nuclear radiation. 

DISCUSSION 

11 is believed that neutron bombardment was responsible for the permanent damage to the 
semiconductor devices exposed in these tests.    Other investigators (References 2 and 3) have 
found thai a gamma dosage ol about  107  r  was required to reach the threshold of permanent semi- 
conductor damage.    Since the maximum gamma dosage received by any component in these tests 
was less than 103 r, the possibility of permanent damages from gamma radiation is ruled out. 

Although it was planned to irradiate the units ol operating equipment at levels up to 2 \ 1013 

NVT.  the maximum level to which operating units actually were exposed .vas 2.9 v lO12 NVT,  a 
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Figure 6   Change of forward resistance with neutron bombardment, semiconductor diodes. 

14 

SECRET 



Before 
E>P05urf 

10 10 
Total Integrated Neutron Flu« ,  NVT 

Figure 7   Changr ol i).u'k rosistanct' with neutron bombardment, semiconductor diodes. 
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Figure 8   rh.inp-s in  li p.iramt-ters with noutron bombardment, 
total of twi'iUv-loui- 2N139 transistors. 

15 

SECRET 



IILIX valui' loss than uxpt'cted at lliu sek'i'ted t'xposuro situ and considerably below that to which 
the passive units were exposed. 

It is to be expected that a neutron flux of 2.9  ■  1Ü1J NVT would only slightly affect the perform- 
ance of transistorized devices usiny; the high-frequency, thin-base, transistors.   As occurred in 
the preUnunary tests,  the oscillator outputs were not affected, since the oscillators were de- 
signed with a relatively large amount of positive feedback and since the performance of the high- 
frequency transistors used as oscillators in this test deteriorated only slightly at exposures of 
2.9 v Id1-' NVT and below. 

The reduction in output of the aniphliers,  which occurred at the maximum exposure level (for 
active devices) of 2.9  ■ 1Ü1J NVT,  was almost directly proportional to the loss in forward current 
gain of the transistors.    As was dime in the preliminary tests, the amplifiers were purposely 

designed to reflect this deterioration.    The maximum decrease in output of 18 percent (1.7 db), 
however,  cannot be considered to constitute a device failure,  for variances greater than this 
exist in commercially available transistors and are allowed for in conventional electronic design. 

The false triggering of the blocking oscillator and two-transistor switch circuits is believed 
Ui lie due to transient currents resulting from either the effects of neutron and gamma radiation 
on the semiconductor devices or the circuit intercepting the radiated electromagnetic field.    The 
results indicate a triggering sensitivity to nuclear radiation of several orders of magnitude 
greater than that for permanent radiation damage to audio transistors. 

The fact that the batteries powering the two-transistor switches ran down rapidly was attri- 
buted to the direct coupling employed from the collector of the NPN transistor to the base of the 
I'M' transistor.    The use of uns type ef coupling results m the Ico ol the NPN transistor being 
amplified by both transistors to cause a large collector current to flow in the PNP units.     Since 
the Iio ol ,i transistor increases from irradiation,  the disadvantage of using a direct coupled 
circuit is apparent. 

The erratic behavior ol the high-voltage power supplies may have been due to the combina- 
tion ot the spread of characteristics of the transistors and the fact that this particular design 
requires a transistor with high forward current gam and a high collector-base resistance at the 
instant ol current cutoff. 

Since only one supply Aas tested at each dosage level, anomalous behavior of the one sample 
(which would average out for many samples) could be responsible for the incongruous data.   When 
laboratory tests  were made,  3 weeks after the exposure,  there had been sufficient annealing so 
that the direct-current output of the damaged unit was almost up to its original value. 

The majority of transistors exposed to the nuclear radiation while in the passive state exhibited 
.i decrease in l>et.i and an Micrease in I(.0 to approximately the same degree as was experienced 
tor similar transistors in the preliminary tests.   Since those contained In a Boral container were 
damaged to almost the same degree as were similar units not so contained,  it appears that the 
elimination of low-energy neutrons causes no appreciable change in radiation damage. 

The elfects ol the changes m h parameters on the performance ot conventional t-.-ansistor ani- 
plifiers should he considered.    The power gain (P.G. ) of a typical grounded emitter-transislor- 
amplitier stage is approximated by: 

in 

Where:     K^      the load resistance 
h parameters per Institute of Radio Engineers'  standards, corresponding to the hybrid 

parameters lor a four-terminal network. 
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11 uiie a.ssuiiR'h llial \i[  us (.■imsulorubly sinalliT llian li(H,, a condition nicl m riiosl RC coupled 
Iransistor ampliliiTS and m many others,   (hen the power pun equatiun reduces to: 

I'.Ci.       (htt,)^ (2) 
"le 

Equation 2 indicate.s thai Hie power nain ol an amplitier staue is a lunction ol the transistor 
parameters  hjL, and hu.; however,   the \ariance ol the input impedance,  h^.,  ol a transistor trom 
irradiation is relatively small m comparison to Hie change in hf^,  the lorward current gain (beta), 
u follows that the power gam is approximately proportional to (h^,)".    The extent ol damage to an 
amplitier stage us thus seen to be a drop in power gain of about ü db lor each 50-percent decrease 
in beta ol the transistor.    Since 40 db of gam per Iransuslor-amplilier stage is possible with high- 
gain transistors, a ti-db loss tine to transistor damage might be tolerated In most cases.   Varia- 
tions of this relative magnitude could In   reduced considerably by the application ol negative 

lAHll     -     IHAMII s   IN   MIMHillY   CAHKIIK   lllillMI    AND 
lit I A   \\1 I II   Nt n HUN   linMHAUDMI- VI 

illMMtM- 

NUIHIHT IVUni'     Alt.r H.-hi 

In 

I I 

I J 

N\ 1 

i \püf Lll'l 

in" 
lnu 

in" 

1.5 ■ 
i.r. ■ III1 

i.:. • 

i.i; III' 

i.ii ■ 

i.i; ■ 101 

:;.- ■ 101 

.i.- ■ m1 

'Ä.**    • 1 n1 

feedback,  and in addition,  the negative feedback,   U of the dc type,  would increase the circuit 
stability.    Itigii circuit stability is particularly desirable lor circuits exposed to nuclear radia- 
ii.m.  because of ihe unavoidable increase m transistor I,.0. 

The analy.-M.s above was made using the common-emitter transistor h parameters, since the 
majority of circuits now employ transistors using the common-emitter connection.    Figure 8 
shows radiation elicits on the transistors'  common base  h parameters,  the latter being used 
because they are the more commonly measured classical parameters.    For either type of  h 
parameter,  the significant changes from irradiation are such as to cause similar performance 
degradations. 

With the exception ol a lew anomalies,  the measured minority carrier lifetimes listed in 
Table 2 are proportional to the loss of beta of the transistors.    Of particular interest are Tran- 
sistors   1, 2. and 3,  which suffered an almost complete loss of beta and also showed extremely 
short minority carrier lifetimes. 

CONCLUSIONS 

Ol the components normally used m electronic circuits,  semiconductor devices are the most- 
susceptible to damage by nuclear radiation.    In locations where physical survival of electronic 
equipmenl from the effects of a nuclear weapon is possible,  fast-neutron bombardment alone is 
believed u) be responsible for the permanent damage to semiconductor devices. 

By designing circuits to be highly stable (using negative feedback and optimized biasing net- 
works) and by using high-frequency transistors,  the transistorized oscillators and amplifiers 
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of liiw-powtT lypr .shimkl still \>v usable altui' ixposuri' to lU'Ulrun lluxus as hiyh as 10 i N'VT, 
During the nucloar clcloiiatioii,  howi'ver,   inalluiictuiiuiij; ul certain elec-lroiiif equipment employ- 
ing si'inu-ciiidiH-liir lievii-i'S can bo expucted [rum exposures us low as 10a NVT,  with negligible 
gamma radiation.    It is yd to be determined whether either the neutron llux or the radiated 

eleetromagnetie field,  or both,   were responsible fur nuiUunctioning during detonation. 
Permanent damage to transistors 1mm a nuclear detonation eunsists chiefly of a decrease in 

funeard '-urrent gain,  beta,  an'* an increase in collector back leakage current,  1,^.    Therefore, 
transistorized circuits subiect to exposure to a nuclear detonation shuuld be designed to be as 
sell-compensating as possible for changes m these parameters.    The designer should avoid cir- 
cuits with outputs that are proportional tu the forward current gam ui the transistors. 

High-frequency transistors were less susceptiole to damage by fust-neutron irradiation than 
were the audio units.    Surface-barrier units underwent an exposure of 1.1   ■  10u NVT frura a 
detonation without suffering appreciable damage,  whereas audio units were damaged severely 
by irradiation at this level.    Of the surface-barrier transistors tested,  Type 2N128 exhibited 
greatest resistance tu radiation damage. 

The irradiation of semiconductor diudes at levels up to 1.1 ■ 1011 NVT caused the back resist- 
ance oi the diodes to decrease in all cases and, in most cases, caused the forward resistance to 
increase. The behavior ol the germanium point-contact Type 1N55A was unusual, since its for- 
ward resistance remained fairly constant after irradiation. 

The reasonable correlation in measured drop of minority carrier lifetime with loss of beta of 
irradiated transistors supports the theory that the decrease in beta is caused principally by the 
minority carrier lifelune decrease. 

KECOMMENDATIONS 

Tests should be made to ascertain and record seimconductor performance during exposure to 
a nuclear detonation and to ascertain specifically the degree of contribution to semiconductor 
maUunclioiung of gamma,   neutron,   and electromagnetic field radiation during the explosion. 

Functional transistor (and diode) circuitry should be constructed to be as radiation resistant 
as possible,   and these circuits should be irradialed in operating condition to ascertain and record 
their performance both during and alter exposure. 
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Defense Special Weapons Agency
6801 Telegraph Road

Alexandria, Virginia 22310-3398 •

OPSSI MAY 8 I998

MEMORANDUM FOR DISTRIBUTION

SUBJECT: Declassification Review ofOperation PLUMBOB Test Reports

The following 101 reports concerningthe atmosphericnuclear tests conducted
during OperationPLUMBOB in 1957havebeen declassified and cleared for open
publication/public release:

WT-1401 thru WT-1409, WT-1417, WT-1419 thru WT-1424, WT-1424.1,
WT-1425 thru WT-1438, WT-1440 thru WT-1444, WT-1447 thru WT-1455, WT-1457,
WT-1459 thru WT-1462, WT-1464 thru WT-1470, WT-1472 thru WT-1477, WT-1480,
WT-1482, WT-1484, WT-1485, WT-1487 thru WT-1490, WT-1492, WT-1493,
WT-1495 thru WT-1502, WT-1504, WT-1505, WT-1507 thru WT-1509, WT-1511 thru
WT-1513, WT-1519, WT-1522, WT-1525, WT-1527 thru WT-1532, WT-1534, WT-
1535 and WT-1542.

•

An additional 13 WTs from PLUMBOB have been re-issued with deletions and are

identified with an "EX" after the WT number. These reissued versions are unclassified

and approved for open publication. They are:

WT-1410 thru WT-1416, WT-1418, WT-1445, WT-1471, WT-1517,
WT-1521,andWT-1541.

This memorandum supersedes the Defense SpecialWeapons Agency, OPSSI
memorandum same subject dated June 13, 1997 and may be cited as the authority to
declassify copies ofany of the reports listed in the first paragraph above.

DISTRIBUTION:

See Attached

(jLtbfa
RITA M. METRO

Chief, Information Security
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